ABSTRACT Various acaricide-resistant strains of Rhipicephalus (Boophilus) microplus, representative of the major resistance mechanisms found in Mexico and Brazil, were exposed to spinosad using the Food and Agriculture Organization of the United Nations larval packet test and adult immersion test (AIT). Larvae of all strains tested were found to be susceptible to spinosad. Conversely, spinosad did not show toxic activity toward engorged females used in the AIT. In vitro tests against larvae, nymphs, and adults of acaricide-susceptible Amblyomma americanum and Dermacentor variabilis revealed differences in activity that were dependent on tick species and parasitic life stage. Spinosad seemed to be a viable alternative to current acaricides available for tick control in the species tested. The larval packet test should be used for future monitoring of resistance, as the AIT did not provide useful information with this chemical. The potential beneÞt for the use of spinosad in integrated pest management or eradication programs is discussed.
Rhipicephalus (Boophilus) microplus (Canestrini) infest cattle throughout the tropical and subtropical regions of the world, causing billions of dollars in losses directly by feeding on the blood of the host and indirectly through the transmission of the causative agents of babesiosis and anaplasmosis (FAO 2004) . Generally, cattle ticks are controlled through the use of acaricides and, because of many environmental and economic factors, the use of acaricides is especially high in tropical regions of the world. As a result, a high level of resistance to acaricides in R. microplus has occurred in every tropical region of the world where chemical control has been used to control ticks on cattle (FAO 2004) .
Initially, acaricide resistance in cattle ticks was directed to only a single class of acaricides. For example, the Þrst case of resistance to the organophosphate (OP), coumaphos, in Mexico was described in 1982 (Aguirre et al. 1986 ) and came after heavy use of this acaricide in a national tick eradication program in the prior decade. In reaction to this discovery, pyrethoid (PY) acaricides were approved for use in Mexico in 1985 (Aguirre et al. 1986) . By 1993 the Þrst report of pyrethroid resistance was made in Mexico and 14 yr later within the United States (Miller et al. 2007, Santamariá and Fragoso 1994) . After the discovery of pyrethroid resistance in Mexico, many ranchers relied on amitraz (AM), a formadine acaricide, to control ticks on cattle. Unfortunately, amitraz resistance was reported in Mexico in 2002 (Li et al. 2004 , Soberanes-Cé spedes et al. 2002 . Reports of probable resistance to the macrocyclic lactone, ivermectin, in Brazil, were published Ϸ9 yr ago by Martins and Furlong (2001) and were conÞrmed by Klafke et al. (2006) . Recently, Perez-Cogollo et al. (2010) described the Þrst case of R. microplus resistance to ivermectin in Mexico. Finally, resistance to the phenylpyrazole, Þpronil, has been reported in Uruguay and Mexico (Castro-Janer et al. 2010 , Miller et al. 2008b .
Currently, resistance has progressed to the extent that it is common for resistant tick populations to be simultaneously resistant to multiple classes of acariIn conducting the research described in this report, the investigators adhered to the "Guide for the Care and Use of Laboratory Animals," as promulgated by the Committee on Care cide, and it is anticipated that in the near future, resistance will develop to other macrocyclic lactones as their use has increased because of their long activity, ease of administration, and lack of other viable alternatives (Rodriguez-Vivas et al. 2007 , RosarioCruz et al. 2008 .
The development of tick populations resistant to multiple classes of acaricide is a real threat to the world cattle industry. In the past, adequate control of acaricide-resistant ticks could be attained simply by switching to a different class of acaricide. The current situation is more challenging because there is a high likelihood that the ticks to be controlled will be resistant to several classes of acaricide necessitating some degree of acaricide resistance testing to identify an efÞcacious active ingredient. Unfortunately, many countries do not have the means to adequately test for resistance before selecting the proper chemical to use. In some cases, there simply will not be a candidate chemical to use because the population to be controlled is resistant to every class of chemical on the market. This will likely be the trend in the future if new chemicals are not quickly introduced.
One relatively new chemical available for which there has not been any reported resistance in ticks is spinosad. Spinosad is a fermentation metabolite of the actinomycete, Saccharopolyspora spinosa, found in the soil. It has long-acting contact and systemic activity against lepidopteron larvae, leaf miners, thrips, and termites. The mechanism of action of spinosad is the disruption in binding of acetylcholine in nicotinic acetylcholine receptors at the postsynaptic cell (Salgado 1997) . This study describes the susceptibility of several strains of acaricide-resistant R. microplus, collected from Mexico and Brazil to spinosad, as well as the activity proÞle comparing spinosad with other acaricides against multiple parasitic life stages of two additional ixodid ticks, Amblyomma americanum (L.) and Dermacentor variabilis (Say).
Materials and Methods
Ticks. Six strains of R. microplus were used in this study ( The OP-and PY-resistant San Roman strain was collected from a ranch in Champoton, Campeche, Mexico, and was established at the CFTRL in 1998. The OP-resistant strain, Pesqueria, was collected in 2000 at the port-of-entry in Reynosa, Tamaulipas, Mexico, on cattle that had originated from Pesqueria, Nuevo Leon, Mexico. The susceptible strain, Las Palmas, was collected in 2005 from an outbreak in Zapata County, Texas, 22 miles south of the town of Zapata, Texas. It has been tested and found susceptible to all classes of acaricides commonly used to control R. microplus in Mexico and is maintained in colony without acaricide selection (R.J.M., unpublished data). The San Alfonso and Santa Luiza strains were challenged with amitraz, the B&H Ranch strain with permethrin, the San Roman strain with coumaphos, and the Pesqueria strain with diazinon to increase or maintain resistance to the respective acaricides during their laboratory colonization and maintenance (Li et al. 2003 (Li et al. , 2004 Miller et al. 1999 Miller et al. , 2008a Davey et al. 2008) . The procedures for rearing ticks on cattle, maintaining nonparasitic stages in the laboratory, and challenging larvae with acaricides were similar to those previously described George 1998, Davey et al. 1980) .
One strain each of A. americanum (Oklahoma State University, Department of Entomology and Plant Pathology, Stillwater, OK) and D. variabilis (Elward II Laboratories, Soquel, CA) were used in this study. Both strains were maintained by the vendors without acaricide selection and had previously been determined to be susceptible to permethrin amitraz, spinosad, and chlorpyrifos (W.H.W., unpublished data).
Larval Packet Test (LPT).
The level of resistance to spinosad in strains of R. microplus was determined by standard bioassay using the Food and Agriculture Organization of the United Nations (FAO) LPT (Stone and Haydock 1962) . Bioassays were conducted using technical spinosad (89.7% AI, Elanco Animal Health, GreenÞeld, IN). Technical grade acaricide was added to trichloroethylene (Sigma-Aldrich, St. Louis, MO) to make a stock solution. This stock was then diluted three separate times to generate a speciÞc concentration of acaricide in two parts trichloroethylene and one part olive oil (Sigma-Aldrich). These formulations were serially diluted at a 20 or 30% rate generating the doses for testing (Fig. 1) . One milliliter of each dilution was applied evenly to a 7.5 ϫ 9-cm piece of Þlter paper (Whatman 1, Whatman, Maidstone, Kent, United Kingdom). The trichloroethylene was allowed to evaporate from the Þlter paper for 2 h under a fume hood. The treated papers were then folded in half and sealed on the sides with bulldog clips. This formed a packet into which Ϸ100, 14-d-old larvae were placed, and then the top of the packet was sealed with another Miller et al. 2008a bulldog clip. The packets containing larvae were held in an environmental chamber at 27 Ϯ 2ЊC, 92% RH, and at a photoperiod of 12:12 liters:D for 24 h. After this time, the packets were removed from the environmental chamber and opened, and the number of live and dead larvae was counted. Larvae were considered dead if they were not able to walk. Acaricide concentrations were calculated in relation to volume of olive oil because the trichloroethylene was allowed to evaporate. Parasitic Life State Packet Tests. Packet tests were also used to determine the activity proÞle of acaricides against larval, nymphal, and adult stages of A. americanum and D. variabilis. Bioassays were conducted using technical spinosad (89.7% AI, Elanco Animal Health) and Pestanal analytical standard (Ն98% AI, amitraz, permethrin, or chlorpyrifos, Chem Service, West Chester, PA). Acaricides were formulated in trichloroethylene and olive oil (Sigma-Aldrich) in a fashion analogous to the FAO LPT method and serially diluted to obtain a 4-log concentration range corresponding to 5, 0.5, 0.05, and 0.005% active ingredient. Acaricide concentrations were calculated in relation to volume of olive oil because the trichloroethylene was allowed to evaporate. A volume of 0.2 ml of each dilution was applied evenly to each 5.0 ϫ 6.0-cm tissue biopsy bag (Fisher, Pittburgh, PA), and the trichloroethylene was allowed to evaporate for 1 h under a fume hood. Approximately 100 larvae, 10 nymphs, or 10 adults were then placed into each packet, and the open end of each packet was sealed with a 6-cm plastic dialysis clip. A total of three replicates (n ϭ 3) was tested for each acaricide at each concentration and parasitic life stage. The packets containing ticks were inverted and placed in an environmental chamber at 27 Ϯ 2ЊC, 92% RH, and at a photoperiod of 12:12 liters:D for 24 h. After this time, the packets were removed and opened, and the number of live and dead larvae, nymphs, and adults was counted. Death was measured when individual ticks could not walk.
Adult Immersion Test (AIT). The AIT was described by Drummond et al. (1973) and a slightly modiÞed method was used to determine the efÞcacy of commercial preparation of spinosad (2.46% AI, Elector, Elanco Animal Health, GreenÞeld, IN) against the tick strains used in this study. A serial dilution from the stock formulation was made at a rate of 50% using water as the diluting compound (Fig. 2) . Final volumes of diluted acaricide were 50 ml. Engorged female ticks (Ͼ24 h after repletion) were rinsed in tap water to remove feces and other debris. Washed ticks were dried by placing them on paper towels. Ten ticks were randomly assigned to groups and weighed to ensure equal weights for each group. For the control solution and each of the acaricide test solutions, ticks were placed directly into a container containing 25 ml of the treatment solution shaken gently for 30 s. After 30 s, the acaricide was poured off through a wire mesh sieve and the ticks were retained. The ticks were then placed onto a clean paper towel to dry. All ticks of each group were then deposited into petri dishes (9 cm diameter) sealed with tape. The ticks were stored at 27Ð28ЊC and 80 Ð95% RH for oviposition. After 14 Ð20 d, the ticks were discarded, and the eggs produced by the ticks in each replicate were weighed. After weighing, the eggs from each replicate were mixed thoroughly and arraigned into a single rectangle (1 cm ϫ 1 cm). Five small subsamples were taken from this rectangle at regular intervals, and these eggs were combined in a shell vial (one dram) sealed with a cotton plug. Each combination of Þve subsamples weighed Ϸ0.05 g. The remaining eggs were discarded. For replicates containing Ͻ0.05 g of eggs, all of the eggs were kept. The eggs were held in an incubator and checked daily for hatching. Fourteen days after the Þrst larva was observed, the vials were frozen for at least 24 h. Percentage hatch of larvae was estimated by spreading larvae into a single layer in a glass petri dish with a grid (1 cm ϫ 1 cm) printed on the bottom. Five squares were selected at random, and the numbers of hatched and unhatched eggs were counted. Three replicates were made of each acaricide concentration. Estimation of acaricide efÞcacy was made by determining the estimated reproduction (ER) of each group of treated ticks with that of the control ticks.
First, the ER was calculated as follows: ER ϭ (g eggs laid/number of females) ϫ (% hatch) ϫ (number of eggs/g). ER is an estimate of the number larvae produced per female at each concentration of acaricide used in the bioassay.
Secondly, the ER of each group of treated ticks was compared with that of its control group. The percentage control was calculated as follows: % control of ER ϭ (ER control ticks Ϫ ER-treated ticks)/ER control ticks) ϫ 100.
Statistical Analysis. Probit analysis was conducted on R. microplus bioassay results using PoloPlus (Le Ora Software 2004). This analysis included probit transformation of percentage mortality and natural logarithm transformation of dose. Resistance ratios and synergism ratios were calculated by taking into account the variance and covariance of the slope and intercept of each regression line at the lethal concentration estimated at 50% mortality (LC 50 ) for the comparison in question using the method of Robertson and Preisler (1991) . Resistance ratios were calculated relative to the susceptible Las Palmas strain, and synergism ratios were calculated relative to the formulation that contained acaricide only. SigniÞcance of each comparison was determined only if one was not included in the conÞdence interval (Robertson and Preisler 1991) . Goodness-of-Þt of data for all probit regressions was assessed by the examination of plots of standardized residuals. A standardized residual was determined by taking the difference of each observed value and its expected value, and then dividing by the standard error of the difference. For good Þt, residuals plotted against dose were randomly scattered around 0 and within a band between Ϫ2 and 2 (Robertson and Preisler 1991) . Linear regression was performed on AIT data using a natural log transformation of the percentage of control of ER versus spinosad concentration (Kuo et al. 1992) . Linear regression was performed on parasitic life stage packet test data using Graph Pad Prism 4.00 (GraphPad Software, San Diego, CA) to obtain slope, LC 50 , 95% conÞdence limits (CL) of the LC 50 , and goodness-of-Þt parameters (r 2 ).
Results

LPT.
None of the strains tested showed resistance to spinosad (Table 2, Fig. 1) . Resistance ratios at the LC 50 estimate were only 0.3 (0.28 Ð 0.33), 1.41 (1.30 Ð 1.53), 0.74 (0.69 Ð 0.78), 1.73 (1.60 Ð1.87), and 1.18 (1.11Ð1.26) for the San Alfonso, Santa Luiza, B&H Ranch, San Roman, and Pesqueria, respectively, when compared with the susceptible Las Palmas strain. The LPT bioassay technique was adequate for establishing the susceptibility of R. microplus larvae to spinosad. Graphs of standardized residuals from each bioassay showed that Ͼ85% of the observed data points were between 2 and Ϫ2 standardized residuals with no patterned deviation from the predicted lethal concentration estimated from the probit model (Fig. 3) .
AITs. Spinosad was not efÞcacious against engorged female R. microplus. There was no observable correlation in the calculated percentage of control of ER because of increased spinosad concentration (r 2 ϭ 0.028, 0.21, 0.54, and 0.0002 for the Las Palms, San Roman, San Alfonso, and B&H Ranch strains, respectively; Fig. 2 ) even after immersion in concentrations of spinosad as high as 10%.
Parasitic Life Stage Tests. Spinosad, amitraz, permethrin, and chlorpyrifos were all highly effective against larvae, nymphs, and adult A. americanum, with spinsod having the lowest LC 50 values against all three life stages (Table 3) . Spinosad was highly efÞcacious against larval and nymphal D. variabilis, but along with amitraz was inactive against the adult stage of this tick, as reßected in the high LC 50 and large 95% CL estimates (Table 3 ). In contrast, permethrin was efÞca-cious against all three life stages, with chlorpyrifos being the most efÞcacious.
Discussion
As long as ticks are controlled with acaricides, the development of resistance to the compounds used will continue. Populations of multi-resistant R. microplus exist today throughout the tropical regions of the world and, as selection for resistance occurs, new technologies and chemistries must be developed and used in concert with integrated pest management strategies to control resistant ticks (Jonsson and Piper 2007) . Spinosad represents one of the new chemical technologies very much needed to control cattle ticks and, as it is relatively new to the market, there has been no documented resistance as of yet in cattle ticks. Spinosad has been shown to be 100% efÞcacious against cattle ticks. Davey et al. (2001) showed that spinosad applied as a whole body spray under sheltered experimental conditions (stall trial) provided 100% kill of larvae for 14 d posttreatment. However, when infested cattle were treated in a Þeld situation (pastured cattle), spinosad failed to eradicate these ticks. The authors indicated that the failure to eradicate ticks in the Þeld was likely the result of too long of an interval between spinosad treatments (21 d) and too low of a concentration used (0.05Ð 0.08% active ingredient [AI] ). Therefore, it is possible that spinosad could be used to eradicate R. microplus with a Resistance ratio, generated by determining the ratio between the LC 50 estimate of the susceptible strain with the LC 50 estimate of the resistant strain under consideration. The 95% CL is also taken into consideration for the calculation of the RR and 95% conÞdence interval (CI) for each RR estimate (Robertson and Preisler 1991) .
b Las Palmas is a susceptible strain used as a reference to generate resistance ratios (RR).
repeated systematic treatments if the treatment interval was shortened and the spinosad concentration increased. Further increases in efÞcacy are likely to be obtained with the use of a spray race or spray dip machine rather than a hand-held spray apparatus (Davey et al. 1997) .
In this study, we demonstrated that spinosad was efÞcacious against the larvae of many strains of singleand multi-resistant R. microplus originally collected from Brazil, Mexico, and the United States, representing almost all known resistance mechanisms now known in R. microplus. However, the reproductive cycle of engorged female adult R. microplus ticks was not affected by treatment with spinosad. These in vitro results against R. microplus correlate well with the in vivo results of Davey et al. (2001) , in which some adult ticks present on cattle at the time of treatment with spinosad survived to repletion, but a high degree of residual activity was observed against repeated infestations with larvae on spinosad-treated cattle. To reconcile these observations and further evaluate potential differences in efÞcacy that may have been dependent on parasitic life stage, spinosad was evaluated and compared with amitraz, permethrin, and chlorpyrifos against all three parasitic life stages of two multi-host ticks that readily infest cattle in the United States, A. americanum and D. variabilis (USDA 1976) . Whereas spinosad was highly effective against immature stages of both ticks, activity was much lower against adult D. variabilis, as was the activity of amitraz. The data clearly illustrated differences in activity proÞles for spinosad and the other acaricides that were Although not yet proven in Þeld studies, in principle spinosad should be able to eradicate acaricide-resistant R. microplus with a 1-to 2-wk treatment interval at a concentration Ͼ0.08% AI. Given the high level of efÞcacy against immature life stages, it is also possible that spinosad would be useful as an adjuvant to existing acaricides in longer term treatment programs designed to disrupt the life cycle of emerging outbreaks and minimize development of resistance to amitraz or coumaphos. Additionally, future resistance testing should be accomplished as part of integrated pest management programs using larvae as the test subjects, as we found no mortality in the engorged female ticks after exposure to spinosad. The FAO LPT or larval immersion tests (not used in this research) could be used for this purpose. LC 50 values are % AI. For each acaricide and species within a column, LC 50 values with a common superscript were not signiÞcantly different by virtue of overlapping 95% CL. n ϭ Ͼ1,200, 120, and 120 for bioassays involving larvae, nymphs, and adults, respectively.
